I. INTRODUCTION
Power amplifiers in a mobile environment must be able to handle high miss-match conditions at the antenna interface while preserving a high PAE. This combination of ruggedness and high PAE leads, in general, to a compromise in the collector design of the bipolar devices. Compared to SVSiGe, 111-V technologies have the advantage of an inherent better trade-off in device breakdown versus speed. This gives significant headroom during the design and development of the 111-V based PA modules. However, to apply low cost Si/SiGe technologies in PA applications in a competitive way, two major problems have to be solved. First, the robustness of silicon-implemented designs under severe mismatch conditions must be improved. Secondly, the high losses related to Si integrated passives, must be lowered. We can improve on both points by implementing low-loss matching networks in a highohmic silicon technology, which provide the proper harmonic terminations at the source and load. In this work we extend the conclusions of [l] and [2] to the differential push-pull amplifier architecture. This, in principle, can facilitate secondharmonic termination independently of the fundamental loading conditions. As test case we consider a differential PA for DCS band with a strong focus on the development of lowloss baldmatching structures with the desired harmonic termination properties. AB. Where the inverse Class-AB refers to an opposite current and voltage behavior in respect to the classic Class-AI3 operation. Both operations show comparably high PAE, but the inverse Class-AB mode exhibits a significantly higher voltage swing at the collector of the output devices. Although inverse class-AB is more robust to load mismatch in terms of 2nd harmonic terminations, the preferred operation is Class-AB, since we want to improve for the ruggedness by lowering the output voltage swing. We can achieve this by using 20d harmonic shorts at the in-and output of the intrinsic device (Figurel).
B. Differential PA's
When considering differential output stages, we can basically repeat the analysis of [2] by using a push-pull amplifier. The results of this analysis are similar to the single-ended case and given in Figure 2 and 3: where the x and y-axes represent the 2"d-harmonic phase expressed in radians: respectively load phase ( -I c <~T c ) and source phase (O<v27c). In Figure 2 and 3 we can identify the two working regions, Class-AI3 and inverse Class-AB. The most important difference with the singleended case is an even more constant PAE region for the inverse Class-AB operation versus second harmonic terminations. Again we find, using short conditions for the 2" A. Second-harmonic shorts in Single-Ended PA$ TO set the amplifier in Class-AB mode, a 2nd-harmonic short has to be provided at the input and output of the amplifier.
Note, that these shorts should be placed directly at the reference planes of the intrinsic device ( Figure 1 ). Any shift of the harmonic terminations position with respect to these reference planes will make the short(s) sensitive for varying load impedances. The shorts can be implemented using series resonators at the input and output of the amplifier with a resonant fiequency equal to the second harmonic. Additional matching networks are still required to match the active device at the fundamental fiequency. The above indicates that singleended amplifiers preferably use on-chip 2nd-harm0nic shorts to avoid load dependence, while differential amplifier structures will prove not to be constrained to this requirement.
B. Second harmonic shorts in Differential PA'S
Differentially driven amplifiers will generate: even in-phase (common mode) harmonics and odd in anti-phase (differential mode) harmonics. The resulting orthogonality between fundamental and second order components allows a decoupling in the matching requirements [3] . Since most applications require an overall single-ended operation, baluns will be needed. It is therefore a logic step to combine 2"dharmonic termination within the balun to achieve the lowest overall losses and ensure independence of the 2"d-harmonic termination for a varying load conditions (as provided by the antenna). One of the most suitable balun structures is the center-tapped transformer (Figure 4) . Note that in this structure the common mode signals will not couple to the secondary windings and consequently only experience the impedance connected to the center-tap. Under a differential excitation the signal will couple to the secondary winding and (assuming a perfect balance) no signal will appear at the center tap. In a real transformer the coils are not perfectly coupled (k<l), the value of the inductance is finite and there will be losses related to the finite conductivity of the windings and the non-perfect isolation of the substrate. This leads to an inductive behavior for the common-mode impedance (Figure 4) . One can compensate for this non-ideal coupling by creating a series resonance at the 2"d harmonic kequency using a capacitor at the center tap (c=2/w2.Ls), with
Ls being the secondary winding inductance (Ls=M2/(k2.Lp)).
Note, that the non-ideal coupling will also degrade the differential operation. To compensate for that, one can enforce a parallel resonance for both primary and secondary windings using shunt capacitors (C, & C2 in Figure 4) . Doing so, the energy transfer is optimized for a given transformer structure. The metal and substrate losses will affect strongly the performance of the resonating transformer, however, different transformer design optima are found for specific primary and secondary impedance levels.
II. THE IMPLEMENTATION OF FULLY INTEGRATED PUSH-PULL AMPLIFIERS
Different topologies of the power amplifier with output power levels in the range of 20 to 27 dBm were designed and realized. An overview of the design experiments is given in Table I . The technologies used for the circuit implementations are Infineon's modified B6HFC ( f~2 5
GHz, BVce0=5.2V) and the DIMES-04 process technology (fe25 GHz, BVce,=4V). Infineon's transistor technology gives, in principle the best performance for the active part of the high power amplifier circuit, while the DIMES technology allows the use of a highohmic substrate (>lo00 Ocm) and a thick top metal (3 pm) option, facilitating the integration of high-quality and low-loss passive structures such as coils and transformers.
THE CIRCUlT BLOCKS
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A. Transistor core. The output stage in the Infineon B6HFC technology was composed of 24 parallel transistors cells, each with an active area of 32pm2. The output stage in the DIMES-04 technology is consisting of 20 devices, each with an area of 32 pm2. In both designs ballasting resistors were omitted.
B. p-harmonic shorts
The 2nd-harmonic shorts (Table I , conf. l b and 3) are implemented using two metal layers connected by via's to reduce the series resistance [4] . The number of turns and the line width are optimized for high Q-factor at the design frequency [5] . The use of a high-ohmic substrate allows the use of wider lines since substrate losses are reduced. The high Q capacitors are realized using a metal-insulatormetal (MIM) structure. In Infineon's technology a 3-metallayer capacitor was used in order to reduce the required layout area. The measured results for the 3.6 GHz shorts are given in Figure 5 .
C . Center tapped input transformer
A variation of a concentric spiral transformer was chosen for the structure at the input of the amplifier. In the transformer the primary winding is on the outside, as well as on the inside of the secondary winding [7] . This structure enables high turn ratio (5:2) at the price of lower mutual coupling (k-factor). The power transfer (Figure 6a ) of the structure at the design frequency is optimized by shunt resonating the secondary winding with the parasitic capacitance of the transistor itself.
The center tap at the secondary port is connected to a series capacitor to achieve a 2nd harmonic short at the input of the output transistor stage (Figure 6b ). devices would, following &om the required impedance level, yield considerable losses and consequently, degradation of the PAE for low-ohmic substrate technologies. To circumvent this problem we have implemented a very compact center-tapped PCB balun, which is a modification of the work in [6] . The performance of this structure is given in Figure 7 . in Figure 8 . The tuning at the source and load is realized using the Maury ATS MT982E system. The differential signal is created by using a Macom H-183-4 hybrid and than fed into
Cascade dud-line GSSG coplanar probe. PA testing was focused on verifying the influence of the 2nd harmonic terminations at in-and output.
Conf. 1: 2"d-Harmonic short at the input
A 2nd harmonic short at the input should lower the maximum voltage swing at the output, yielding an improved ruggedness ( Figure 3 ). Since the ruggedness can be related to the amount of avalanche current generated, we monitor I,, versus V, in configuration 1.a and 1.b (both DIMES technology) for the following conditions; no RF signal present & P p 11.9 dE3m @ +1.8GHz at different output VSWR conditions. As can be seen fiom Figure 9 using a 2& harmonic input short yields lower avalanche for all matching conditions. The effect of the 2nd harmonic output termination on the ruggedness can be demonstrated best, when using a nonshorted condition for 2nd harmonic at the input (Figure 3 ). In our-experiment we apply a constant Pb(=13.9 dBm @. el .8GHz) and increase V,,, while monitoring I, (Figure 1 Oa). 
